The developmental mechanisms that regulate the relative size and shape of organs have remained obscure despite almost a century of interest in the problem and the fact that changes in relative size represent the dominant mode of evolutionary change. Here, I investigate how the Hox gene Ultrabithorax (Ubx) instructs the legs on the third thoracic segment of Drosophila melanogaster to develop with a different size and shape from the legs on the second thoracic segment. Through loss-of-function and gain-of-function experiments, I demonstrate that different segments of the leg, the femur and the first tarsal segment, and even different regions of the femur, regulate their size in response to Ubx expression through qualitatively different mechanisms. In some regions, Ubx acts autonomously to specify shape and size, whereas in other regions, Ubx influences size through nonautonomous mechanisms. Loss of Ubx autonomously reduces cell size in the T3 femur, but this reduction seems to be partially compensated by an increase in cell numbers, so that it is unclear what effect cell size and number directly have on femur size. Loss of Ubx has both autonomous and nonautonomous effects on cell number in different regions of the basitarsus, but again there is not a strong correlation between cell size or number and organ size. Total organ size appears to be regulated through mechanisms that operate at the level of the entire leg segment (femur or basitarsus) relatively independently of the behavior of individual subpopulations of cells within the segment.
Introduction
The most pervasive patterns in evolution are changes in body size and in the relative sizes of organs, which determine body shape. There is currently little understanding of how relative organ sizes are determined (Bryant and Simpson, 1984; Day and Lawrence, 2000; Stern and Emlen, 1999) , despite recent advances in understanding the molecular regulation of body size (Brogiolo et al., 2001; Rulifson et al., 2002) . One approach to this problem is to study organs, such as serially homologous organs, that share most of the same patterning mechanisms but result in a slightly different shape. The goal is to determine how the few molecular differences between the organs generate differences in size and shape.
I have taken this approach in a study of the relative sizes of the second and third pair of legs of Drosophila melanogaster. Although this has not been explicitly studied, the basic structure of the three pairs of legs of Drosophila appears to be patterned largely by the same developmental mechanisms (Brook et al., 1996; Cohen, 1993; Held, 1995) . The most obvious differences between the legs are the patterns of bristles and trichomes (Hannah-Alava, 1958 ). These differences are determined by the expression of the Hox gene Sex Combs Reduced (Scr) in the first pair of legs (Struhl, 1982) and Ultrabithorax (Ubx) in the second and third pair of legs (Casanova et al., 1985; Kerridge and Morata, 1982; Lawrence et al., 1979; Morata and Kerridge, 1981; Rozowski and Akam, 2002; Stern, 1998; Struhl, 1982) . Presumably, the differences in the sizes and shapes of the three pairs of legs are also determined by the differential expression of these two genes.
The progenitor cells of the legs of D. melanogaster are first determined in the embryo as a population of 15-20 cells in the 3 thoracic segments (Cohen, 1993) . These cells invaginate into the embryo as an epithelium to form imaginal discs. The imaginal discs proliferate during the 3 larval instars, becoming patterned into progressively more subdivided domains in all 3 axes (anterior-posterior, dorsalventral, and proximal-distal) . After pupariation, the leg disks evaginate, mainly by rearrangement of cell positions.
After pupation, at 12 h after puparium formation (APF), they elongate to their maximal length as large sacs (Fristrom and Fristrom, 1993) , apparently largely by changes in cell shape, although the legs do undergo some cell proliferation with most cells dividing at least once (Graves and Schubiger, 1982) . The pupal cuticle apolyses at approximately 18 h APF and the legs begin to constrict, only slightly in the proximal-distal direction and mainly circumferentially. The cellular mechanisms of this constriction are not known, but may involve cell rearrangement and shape change. It is not known whether cell death plays a role in this stage of leg development. The legs stop constricting when they have reached their final circumferential width, at approximately 36 h APF, and the legs then proceed to final differentiation of the bristles, trichomes, and adult cuticle (Fristrom and Fristrom, 1993) . It is possible that the Hox genes act at any of a number of times during growth and patterning of the legs to control organ size (Roch and Akam, 2000; Rozowski and Akam, 2002; Weatherbee et al., 1998) . For example, they could control cell proliferation during larval growth or cell size and shape during the pupal period through direct transcriptional regulation of genes controlling cell proliferation and shape. That is, Ubx may modulate the response to nonautonomous growth regulators, such as wg and dpp, through cell-autonomous mechanisms to cause subtle changes in size and shape. Alternatively, Ubx could modify the patterning system itself; for example, by modulating the expression of dpp or wg (Keisman et al., 2001 ), indirectly influencing cell proliferation and size. In the case of the control of wing versus haltere morphology, Ubx acts early to alter the patterning system (Weatherbee et al., 1998) and to specify some haltere-specific features of cells (Roch and Akam, 2000) , but it also acts directly later to specify final cell morphology (Roch and Akam, 2000) . The differences between the legs are more subtle than the differences between the wing and haltere, and it is less obvious that Ubx might act upon central growth regulators such as dpp and wg to modify leg size.
The first question to address is, therefore, whether Ubx regulates leg size by modifying organ size via cell-autonomous or nonautonomous mechanisms. I have performed loss-and gain-of-function experiments to dissect the role of Ubx in controlling size and shape in different regions of the third pair of legs. Despite the fact that the differences between the second and third pair of legs are slight, I have found that Ubx influences leg shape and size via both nonautonomous and cell-autonomous mechanisms and is required at different times to instruct at least some differences. In addition, although Ubx autonomously and nonautonomously affects cell number and cell size, there does not appear to be a simple relationship between these cellular changes and the changes in organ shape.
Materials and methods
The three femurs and basitarsi of D. melanogaster and the landmarks used for length and width measurements are , and T3 femurs increase in length. When measured from proximal to distal tip, as indicated by the vertices of the red lines, the T3 leg is considerably longer than the T2 leg. The red brackets below the legs indicate the horizontal position of the proximal campaniform sensillae used as a landmark for all femur length measurements. The vertical dotted blue lines indicate the proximal boundary of the campaniform sensillae. The horizontal blue lines and the vertical green lines indicate representative leg length and width measurements, respectively. (B) From top to bottom, the T1, T2, and T3 basitarsal segments increase in length. The red lines connect the bristle landmarks used on each leg for basitarsal length measurements. The horizontal blue and vertical green lines indicate the length and width measurements, respectively, for these legs.
shown in Fig. 1. (The pro-, meso-, and meta-thoracic segments are abbreviated as T1, T2, and T3.) Variation in the size of the T2 and T3 legs between individuals is much greater than variation between the two legs within an individual (unpublished observations). However, the variation between individuals is caused primarily by variation in total Fig. 2 . Loss of Ubx autonomously alters the shape of the proximal T3 femur. Outlines of the proximal femur are shown to the right of pictures in black, and the dorsal and ventral boundaries of the clones are shown in pink. Although the posterior of T2 and T3 is normally devoid of bristles, loss of Ubx leads to derepression of bristles allowing scoring for forked Ϫ bristles. (A) A wild-type T2 femur has a short distance (illustrated with blue line) between the ventral campaniform sensillae and the most proximal edge of the anterior femur. (B) A Ubx clone that fills the anterior compartment of T2 has no effect on the shape of the proximal femur. (C) A wild-type T3 femur has a distance approximately three times larger than T2 between the ventral campaniform sensillae and the most proximal edge of the anterior femur. (D) A Ubx clone that fills the anterior compartment of T3 transforms the proximal femur into the shape of the T2 femur. [Clones that included a smaller region of the anterior femur caused only local transformation of shape (not shown), as seen in the posterior femur (I).] (E) A control clone has no effect on the shape of the proximal femur. (F, H) The posterior proximal femur of a wild-type T2 (F) and T3 (H) leg. (G) A Ubx clone on part of the T2 posterior femur has no effect on the proximal femur, whereas (I) a Ubx clone on the T3 posterior femur causes an autonomous reduction in the distance between the proximal edge of the femur and the campaniform sensillae. body size. To eliminate the effect of body size in my analysis, I compared all treatments within individuals, and most comparisons are expressed as a percentage change in length relative to the control leg. Measured within individuals and using the landmarks shown, the T3 femur is 5.8 Ϯ 0.59% (95% confidence interval on mean) longer (N ϭ 39) and 22.1 Ϯ 1.83% wider (N ϭ 39) than the T2 femur, and the T3 basitarsus is 7.2 Ϯ 1.79% longer (N ϭ 41) and 17.3 Ϯ 3.52% wider (N ϭ 27) than the T2 basitarsus.
Clonal analysis
I generated chimaeric individuals that carried a domain of cells in one leg that was homozygous for a protein-null mutation in the Ubx gene. All other cells in the legs carried this mutation in the heterozygous state and, as far as I could tell, were phenotypically wild-type. I therefore compared the size of the leg carrying the mutant tissue with the corresponding leg on the other side of the body that appeared wild-type. I used the technique of making Minute clones (Morata and Ripoll, 1975) . Larvae were exposed to X-rays (1000 rad) between 24 and 72 h after egglaying. As an additional control, I generated Minute clones with a second protein-null mutation, Ubx Belt8 , to determine whether observed effects were specific to the Ubx 1 e 11 chromosome used for the majority of the analysis. The Ubx Belt8 allele was generated previously in an X-ray mutagenesis screen for new Ubx mutations (Stern, 1998) on the wild-type genetic background Beltsville (stock number ϩ18 from the collection of Michael Ashburner, Cambridge), which was originally collected in Beltsville, Missouri, USA in 1985.
Leg measurements
Flies preserved in 80% ethanol were inspected under a binocular microscope for any legs containing forked Ϫ bristles. If a single leg with forked Ϫ bristles was found, all six legs were mounted to allow comparison between legs on the same fly. Legs were dissected, briefly rinsed in distilled water, and mounted in Hoyer's medium (Stern and Sucena, 2000) . All mounted legs were inspected for clones, and the position of clones on each leg was mapped. The size of clones was calculated as the number of bristle rows containing forked Ϫ bristles. Images of femurs and tarsi were then captured on a compound microscope fitted with a digital camera, and legs were analyzed on a Macintosh computer by using the public domain NIH Image program (developed at the U.S. National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/).
To allow quantitative analysis of the effects of Ubx Ϫ clones, I examined T3 legs for morphological landmarks that are unaffected by Ubx Ϫ clones. All 3 pairs of legs carry approximately 11 campaniform sensillae in approximately the same ventral-proximal location (marked with red brackets in Figs. 1, 2, and 7). In addition, I found that the number of campaniform sensillae was unchanged in Ubx Ϫ clones on any of the 3 legs and that the approximate location is the same. I therefore treated the campaniform sensillae as a landmark that is not influenced by Ubx expression.
I measured femur length as the distance between the anterior ventral campaniform sensilla and the distal tip of the femur, measured approximately parallel to the anterior second bristle row from the ventral anterior-posterior boundary (blue lines in Fig. 1A ). The width of the femur was measured perpendicular to this line at the halfway point between the landmarks (green lines in Fig. 1A ). The length of the basitarsal segment was measured as the distance between the point of insertion of the most proximal and most distal large bristles on the ventral side (blue lines in 
Cell size and number estimation
Over most of the surface of the wing blade, cells differentiate a single trichome (Dobzhansky, 1929) . Similarly, over most of the femur, cells differentiate individual trichomes (unpublished observations). However, in some regions, particularly the proximal femur, some cells differentiate multiple trichomes (unpublished observations) and in other regions-for example, the entire posterior third femur and part of the posterior second femur-cells do not differentiate trichomes (Stern, 1998) . Therefore, I estimated cell surface area (hereafter referred to as "cell size") in a region near the middle of the anterior third femur by determining the density of trichomes in the area between bristle rows. To determine the effect of loss of Ubx on cell size, trichome density was estimated in the same relative area of legs with and without clones of the same individual. For each individual, four regions were normally measured and averaged for each leg.
The basitarsi of Drosophila do not differentiate enough trichomes to allow estimation of cell size via trichome density. Instead, I adopted an indirect method of estimating cell size that was shown by Held (1979) to be accurate for the second leg basitarsus. Held showed that there is a constant number of cells between bristles in a bristle row. Cell number can therefore be estimated as directly proportional to the number of bristles in a bristle row, although I present and analyze the bristle counts at face value.
Statistical analysis
I tested for an effect of clones on leg length by comparing the percent reduction {[(length of clonal leg Ϫ length of nonclonal leg)/length of nonclonal leg] ϫ 100} in Ubx Ϫ clonal legs with the percent reduction in Ubx ϩ control clones (clones made using the st 1 p p e 11 chromosome) using an unpaired t test. I tested for the effect of clone size and clone position (anterior vs posterior compartment) by Analysis of Covariance (ANCOVA) where clone size was the covariate. Cell sizes and bristle numbers were compared by using unpaired t tests. All analyses were performed with JMP4 (SAS Institute).
Ectopic Ubx expression
To examine the effects of ectopic expression of Ubx on leg size and shape, I expressed Ubx from a heat shockinducible transgene, HSUbx-1a (Mann, 1990 ) and compared the morphology of second and third legs. If expression of Ubx is sufficient to generate specific features of the third leg, then expression from the Ubx transgene should transform the morphology of the second leg into that of the third leg.
White prepupae (0 -30 min after puparium formation; APF) from the cross st 1 p p e 11 ϫ HSUbx-1a were collected and maintained on moistened Kimwipes in petri dishes at 25°C and aged until heat-shock treatment. Petri dishes were sealed with Parafilm and immersed in a 37°C water bath for 1 h. Separate samples were heat-shocked at 2-h intervals from 0 to 48 h APF. Samples heat-shocked at 0 -6 h APF and some heat-shocked at 8 h APF failed to differentiate cuticle, whereas all others developed to pharate adults but failed to eclose. Legs were mounted in Hoyer's medium, and leg sizes were quantified as above. The extent of transformation of the proximal femur was quantified as the distance between the most proximal campaniform sensilla and the most proximal tip of the joint, measured approximately along the major axis of the femur.
Results

Ubx is required to generate the precise shape of the proximal femur of the third leg
The distance between the campaniform sensillae and the most proximal tip of the femur is approximately three times larger on the T3 femur than the T2 femur (anterior: Fig. 2A vs. C; posterior: Fig. 2F vs. H). In addition, the anterior proximal T3 femur resembles a rhinoceros head in profile (Fig. 2C) . Ubx Ϫ clones autonomously reduced the distance between the campaniform sensillae and the proximal T3 femur on both the anterior (Fig. 2D) and posterior (Fig. 2I ) side. The difference in length of this proximal femur region accounts for most of the difference in total femur length between T2 and T3 (Fig. 1) . Therefore, this region was excluded from all subsequent measurements of femur length by measuring length from the campaniform sensillae to the distal end of the femur (see Fig. 1A ). Control clones made with a Ubx ϩ allele had no effect on this part of the leg (Fig.  2E) , and clones made with the Ubx Belt8 allele had the same effect as the Ubx l allele (unpublished observations). Ubx clones had no effect on the shape of the anterior T2 proximal femur (Fig. 2B) and caused no or perhaps a small reduction in size of the posterior T2 proximal femur (Fig.  2G) , a region where Ubx is also expressed (Stern, 1998) .
Ubx is required to determine the length of the third leg femur and basitarsus
Loss-of-function Ubx Ϫ clones caused similar effects on the lengths of femurs and basitarsi. Ubx Ϫ clones caused a significant reduction in T3 femur (Figs. 3 and 4C) and basitarsus (Fig. 4F, see Fig. 6 ) length. The magnitude of the reduction in femur length was independent of the location of the clone in the anterior or posterior compartment (Figs. 3 and 4C) and also independent of the size of the clone (Fig.  4C) . [For example, for the T3 femur, ANCOVA with clone size as a covariate yields no significant effects for clone size (F 1,32 ϭ 0.0758, P ϭ 0.78) and for anterior vs. posterior compartment (F 1,32 ϭ 0.0209, P ϭ 0.89)]. With a few exceptions, to be discussed in detail below, clones on the basitarsus caused a similar reduction in basitarsus length, independent of their size or location (Fig. 4F) . The independence of leg length reduction on clone size and location was unexpected and suggests that loss of Ubx from one region causes nonautonomous reduction in length across the entire leg segment. [Recall that all leg lengths were measured by using the same landmarks located in the anterior compartment (Fig. 1 ), yet clones located in both the posterior and anterior compartments had the same effect on leg length.] This nonautonomous effect did not propagate across leg segments, for example from femur to basitarsus, since some legs carried clones on only one segment and showed length reduction in only that segment. Ubx Ϫ clones had no significant effect on femur or basitarsus length on the first leg ( Fig. 4A and D) , and clones on the second leg caused a small reduction in femur length (Fig. 4B ) and a nonsignificant reduction in basitarsus length (Fig. 4E ). Clones made with the Ubx Belt8 chromosome had effects of similar magnitude on the femur and tarsus length to those made with the Ubx 1 chromosome (unpublished observations). Control clones made with an Ubx ϩ allele had no effect on leg length, but the amount of variation among legs was similar to that seen in Fig. 4 (unpublished observations) . This suggests that most of the variation was caused by normal asymmetry in leg length and, more likely, measurement error and not caused by the specific experimental treatment.
The observed reductions in femur length are consistent with the hypothesis that loss of Ubx in T3 causes a reduction in leg length to a normal leg without Ubx function, rather than that the reductions were caused by nonspecific effects of loss of Ubx. This is because the T3 femurs were reduced in length, on average, to approximately the length of T2 legs on the same fly (unpublished observations). In contrast, the T3 basitarsi were reduced to a length approximately 7.8% shorter than the T2 legs (unpublished observations). This deviation from the simple expectation appears to have been caused by an excessive reduction in length of a subset of clones that also showed an increase in basitarsus width, which is discussed in detail in a subsequent section.
Loss of Ubx in the femur causes autonomous reduction of cell size, but the relevance to the change in organ size is unclear
To assess the role of changes in cell size and number on the observed reduction in femur length, I estimated cell size in the same regions of legs with and without clones. Cell area in Ubx Ϫ clones on the anterior T3 femur was autonomously reduced by 16.6% (Ϯ3.55%, standard error of the mean; N ϭ 12; t test against hypothesized mean of 0 ϭ Ϫ4.68, P Ͻ 0.0003), which implies that cell diameter was autonomously reduced by approximately 8.7%. This reduction in cell diameter is approximately twice as large as the observed reduction in leg length of 4.2%. To determine whether Ubx Ϫ clones caused a nonautonomous reduction in Fig. 4 . Ubx clones reduce the lengths of the T3, and to a smaller extent the T2, femur, and basitarsus. The size of clones, as the number of bristle rows, is plotted on the horizontal axis, and the percent reduction in the leg carrying the clone compared with the respective wild-type leg from the other side of the animal is plotted on the vertical axis. Legs with clones on the anterior and posterior surfaces are plotted as blue diamonds and red triangles, respectively. (A, D) There is no effect of Ubx clones on the T1 femur (t ϭ 1.3, df ϭ 38, P ϭ 0.20) or basitarsus (t ϭ Ϫ1.93, df ϭ 37, P ϭ 0.06). (B, E) Ubx clones cause a small reduction in the length of the T2 femur (t ϭ 2.6, df ϭ 93, P ϭ 0.01) and a nonsignificant effect on the length of the T2 basitarsus (t ϭ 1.43, df ϭ 60, P ϭ 0.16). (C, F) Ubx clones cause a significant reduction in the T3 femur (t ϭ 4.08, df ϭ 60, P ϭ 0.0002) and basitarsus (t ϭ 6.97, df ϭ 49, P Ͻ 0.0001) length.
cell size, I estimated the change in cell size on the anterior T3 femur for legs with clones in the posterior compartment. These legs did not show a significant reduction in cell size (mean ϭ Ϫ0.8 Ϯ 2.11%, N ϭ 14; t ϭ Ϫ0.4017, P ϭ 0.35), suggesting that loss of Ubx causes only autonomous reduction in cell size in the T3 femur. These results are difficult to reconcile with the observed nonautonomous reduction in femur length (Fig. 4C) . If femur length was strictly determined by changes in cell size, I should have observed both autonomous and nonautonomous reduction in cell size. In addition, if femur length was determined strictly by changes in cell size, I should not have observed a nonautonomous effect of clones on femur size. Instead, I would have observed a reduction in leg length for anterior clones (where the landmarks are located) and a small or negligible reduction for posterior clones. I might also have expected to observe a distortion of femur shape due to this unequal length reduction in the anterior and posterior compartments, but this was not observed. Therefore, the autonomous cell size reduction is presumably compensated by a small increase in cell number in the area carrying the clone and a nonautonomous reduction in cell number in the nonclonal tissue.
Loss of Ubx in clones does not cause a strong reduction of femur or basitarsus width
In contrast to the effects on leg length, loss of Ubx in clones in the anterior compartment had no discernible effect on femur width, whereas posterior clones caused a small reduction in femur width (Fig. 5) . By analysis of covariance (ANCOVA), the slopes for anterior and posterior clones (Fig. 5) are not significantly different (F 1,38 ϭ 0.12, P ϭ 0.73), and there is no significant effect of clone size on reduction in femur width (F 1,38 ϭ 2.43, P ϭ 0.13). However, the intercepts of the two lines are significantly different (F 1,38 ϭ 7.16, P ϭ 0.01), indicating that posterior clones had a stronger effect on leg width than anterior clones. The reduction caused by posterior clones is of small magnitude and does not cause the T3 legs to be reduced to the width of T2 legs (unpublished observations). Loss of Ubx in clones in the posterior compartment and most of the anterior compartment of the T3 basitarsus had no significant effect on the width of the T3 basitarsus (Fig. 6A, B , E, and F; and unpublished observations).
Loss of Ubx in the most ventral anterior cells of the T3 basitarsus causes the production of ectopic bristles and swollen tarsi Ubx
Ϫ clones found in the most ventral cells in the anterior compartment of the basitarsus caused a large increase in the width of the basitarsus ( Fig. 6C and D) and the production of an ectopic row of bristles between bristle rows 1 and 8 (Fig. 6G) . In every leg that displayed ectopic bristles, the basitarsus was swollen to 16 -74% greater than normal width (N ϭ 8), whereas all other clones combined showed a range in basitarsal width of Ϫ10 Ϯ 14%. This basitarsal widening was associated with a more extreme reduction in length than found in other legs carrying clones. For example, a strong correlation between change in length and change in width was found for anterior clones (r ϭ 0.6164) but not for posterior clones (r ϭ 0.0686), which showed no widening. The slope of the regression of change in width on change in length for anterior clones was approximately Ϫ1.5, which is approximately what would be expected if the total area of the basitarsus is conserved, suggesting that this swelling does not involve extra growth. (This conclusion is based on the assumption that the surface of the basitarsus approximates a cylinder, in which case a change in length is directly proportional to a change in width (area of a cylinder ϭ ϫ diameter ϫ length.) However, the swelling causes the middle of the basitarsus to swell more than the ends (Fig. 6D) , so the change in length decreases at a rate somewhat smaller than the change in width.
I performed three experiments to control for the possibility that the ectopic bristles and basitarsal swelling were an artifact. First, I examined Ubx clones in the same position of the first and second pair of legs and found that they did not display ectopic bristles or swelling, suggesting that the effect was specific to legs normally expressing high levels of Ubx (i.e., T3). Second, I controlled for the possibility that this effect was caused by a mutation in an independent gene on the right arm of the third chromosome by making Minute clones with an independently derived protein-null mutation, Ubx
Belt8
, and this allele also caused ectopic bristles and basitarsal swelling when the clone ran through the most ventral anterior cells. Third, I controlled for the possibility that this effect was caused by the Minutebearing chromosome by making clones with a Ubx ϩ chromosome carrying the alleles st 1 p p e 11 , and these legs did not display ectopic bristles or basitarsal swelling when clones ran through the most ventral anterior cells.
One possible explanation is that these effects result from an interaction of anterior and posterior cells that is dependent on both sets of cells expressing Ubx. For example, in my clonal analysis, cells in the most ventral-anterior row lose Ubx and are juxtaposed with cells in the posterior compartment that express Ubx. However, we can reject this hypothesis, because flies that carry mutations that eliminate Ubx expression from the entire anterior compartment but not the posterior compartment (for example, bx 8 /Ubx 1 ) do not show this basitarsal swelling (unpublished observations). This suggests that the observed basitarsal swelling is caused by autonomous alteration of processes within the anterior ventral-most cells.
Loss of Ubx in the basitarsus causes autonomous, nonautonomous, or no reduction of cell number, depending on location of the clone, but the relevance to organ size is unclear
Overall, there is a weak correlation between the reduction in the number of bristles in rows, which is proportional to cell numbers (Held, 1979) , and the magnitude of the reduction in leg length (r ϭ 0.326, N ϭ 38) for legs with Ubx Ϫ clones. In other words, approximately 10% (r 2 ) of the variation in leg length is explained by variation in bristle number. However, different bristle rows displayed different responses to Ubx Ϫ clones (Table 1) . For example, in rows 2, 4, and 8, Ubx Ϫ clones caused an autonomous reduction in bristle number of approximately 14%, which is similar to the average length reduction of about 15% for basitarsi carrying clones (Fig. 4F) . However, the other rows do not display a significant reduction of bristle number, suggesting that length is reduced in these rows primarily by reduction in cell size. In addition, I detected nonautonomous effects of clones in some positions on bristle number in adjoining rows. The most striking effect was seen in row 1, the most ventral row in the posterior compartment, when a clone was found in row 8, the most ventral row of the anterior compartment. In this case, bristle number was reduced in row 1 by 16%. In contrast, when the clone was found anywhere else in the basitarsus except row 1 or 8, row 1 showed no significant reduction in bristle number (Table 1) . It is striking that this effect was seen with clones in row 8, which is the location where clones also generated ectopic bristles and basitarsal widening. Therefore, different regions of the basitarsus respond in a heterogeneous manner to loss of Ubx, and it is not clear what role these cellular changes play in the generation of total organ size.
Ectopic expression of Ubx during pupal development can generate some, but not all, features of the T3 leg size and shape in the T2 legs
To begin to explore the temporal requirements for Ubx function in the regulation of leg shape and size, I examined Fig. 6 for the position of rows. b The numbers represent the average percentage change in the number of bristles between the leg with a clone and the other leg of the same individual without a clone Ϯ the standard error of the mean.
c t test value for test that mean ϭ 0.
d P values uncorrected for multiple tests are shown. To correct for multiple tests 10 tests), a t value is conservatively considered significant at the P Ͻ 0.005 level (0.05/10).
e Values are for legs that do not themselves carry a clone in row 1, but for which a clone is found elsewhere on the leg. the effect of expressing Ubx ubiquitously at different times during pupal development. (Unfortunately, ubiquitous Ubx expression before pupation-approximately 8 h APFcauses developmental arrest prior to cuticle deposition.) I examined these animals with the expectation that expression of Ubx should make the T2 legs more similar to T3 legs.
Ubiquitous expression of Ubx during pupal development caused a specific transformation of the shape of the proximal femur of T2, and to a lesser extent T1, toward the shape of T3 (Fig. 7) . This effect of ectopic Ubx was strongest from approximately 8 to 20 h after pupariation, after which time the effect became progressively less strong (Fig. 7F) . There was no significant effect of Ubx on proximal femur shape after 28 h APF (Fig. 7F) . Similar heat-shock treatments had no discernible effects on the legs of wild-type flies (unpublished data).
Ubiquitous expression of Ubx after pupation did not increase the length or width of the T2 femur or basitarsus so that they were more similar to that of T3 (unpublished observations).
Discussion
Ubx appears to regulate the final size and shape of the third pair of legs via different mechanisms in different regions of the leg. The most obvious difference is between regulation of femur and basitarsal length, which appears mainly to involve nonautonomous regulation between all the cells of the segment, and the growth of the most proximal femur, which appears to involve autonomous influence of Ubx. In addition, the timing of these controls appears to be different. Ubx influences proximal femur shape after pupation, since the proximal femur shape could be mimicked by overexpressing Ubx in the second leg during pupal development (Fig. 7) . In contrast, Ubx is required between 24 h AEL and pupation to influence leg length, since clones were induced between 24 and 72 h AEL and overexpression of Ubx in the pupal period did not influence the length of the second leg.
The role of communication across compartment boundaries
The nonautonomous effect of loss of Ubx function on leg length appears to reflect a mechanism of size control whereby cells in the adjacent anterior and posterior compartments are able to communicate information about the length of the leg segment. This communication may involve signaling molecules or it may be entirely mechanical, for example, involving the detection of tension across an epithelium. Whatever this mechanism is, the truly confounding aspect of this nonautonomy is that all of the cells in the leg segment, including all of those that still express Ubx, respond to the minority of cells that have lost Ubx expression, and together they reduce leg length to the size of a leg in which none of the cells express Ubx. In other words, the absence of Ubx from some cells of the leg segment appears dominant to the expression of Ubx in the remaining cells for leg length. This does not appear to be the case for leg width.
Loss of Ubx in clones had only a small effect on femur width when the clones were found in the posterior compartment (Fig. 5) . I interpret this result to mean either that cells respond autonomously to the expression of Ubx in determining leg width, and therefore I could only detect a small reduction in width caused by a minority of cells that had lost Ubx expression, or that the expression of Ubx in the majority of cells is largely dominant to its absence from a minority of cells, particularly if the minority is in the anterior compartment.
The loss of Ubx in cells of the ventral basitarsus caused the most surprising effect, the production of ectopic bristles, a dramatic increase in the width of the basitarsus (Fig. 6) , and a nonautonomous decrease in bristle number in the adjoining bristle row of the posterior compartment (Table  1) . This is the only case in which the resulting phenotypes cannot be construed as a homeotic transformation from a T3 to a T2 leg. The location of these clones, in the most ventral cells of the anterior compartment, suggests that Ubx may influence wingless (wg) signaling during the development of the T3 basitarsus, because wg is expressed in this domain and is required for driving leg growth and patterning (Galindo et al., 2002) . This view is supported, but not proven, by the observation that loss of wg function during larval development causes a similar widening of the basitarsal segments of all three pairs of legs. I have observed tarsal widening in flies carrying a temperature-sensitive allele of wg that were shifted to the restrictive temperature between 88 and 110 h after egg laying (unpublished data). [This phenomenon can be seen in a first leg basitarsus in Fig. 1c of a recent paper by Galindo et al. (2002) , who performed the same experiment.] However, I did not detect any differences in expression of wg protein between the T2 and T3 legs and I could not detect an obvious change in wg expression in Ubx null clones in developing T3 leg discs (unpublished observations).
One model consistent with the current observations is that Ubx is required early to upregulate a signaling pathway located in the ventral row of tarsal cells, but that it is required later to repress the same pathway. This two-step model is favored because uniform removal of Ubx from the entire basitarsus from the earliest stages of development (for example, in flies carrying the allelic combination abx 1 bx 3 pbx 1 /Df Ubx) does not cause basitarsal widening or the production of ectopic bristles, but instead transforms the T3 basitarsus to a T2 basitarsus.
An alternative interpretation is that Ubx is required to upregulate wg throughout T3 tarsal development. Late removal of Ubx may then cause a drop in wg leading to tarsal widening and the development of ectopic bristles. wg function in the basitarsus is known to be concentration depen-dent, with more ventral bristle fates requiring higher levels of wg activity (Johnston and Schubiger, 1996; Struhl and Basler, 1993) . It is therefore worth noting that the ectopic bristles have a thick shape similar to row 8 bristles (Fig.   6G ). This ectopic bristle row may therefore be interpreted as a lateral transformation caused by a slight reduction in wg level in the most ventral cells.
Whatever the true model of this function of wg may be, the nonautonomous effects I have observed are similar to those recently reported for Ubx control of wg expression in the haltere (Weatherbee et al., 1998) and doublesex control of wg and decapentaplegic (dpp) functions in the genital imaginal disc (Keisman et al., 2001) . However, whereas control of wg and dpp in the haltere and genital discs causes a dramatic alteration in growth patterns, the effect on the basitarsus is of much smaller magnitude. Thus, Ubx may have only a small effect on this signaling process in the basitarsus. This suggests the intriguing possibility that the major determinants of organ growth, wg and dpp, are regulated by a panoply of patterning genes that subtly control the function of these signaling molecules leading to slight alterations in organ shape in Drosophila. Galindo et al. (2002) have demonstrated that wg is required to establish distal elements of the leg before 84 h AEL, but that after this time, wg is apparently required only for patterning ventral elements and also, though not noted by the authors, to determine the correct shape of the leg segments (see their Fig. 1c) . It is therefore possible that other genes, such as Ubx, influence wg action in different ways if they act at different times during leg development. The wg and dpp signaling pathways might therefore commonly play a dual role of controlling proliferation and patterning of the major proximal-distal elements early during development and then contribute to more subtle effects on organ size and shape later during development.
Effects on length versus width
One important caveat about the effects of clones on leg shape is that clones in the legs always run in a proximaldistal direction along the length of the leg (Garcia-Bellido et al., 1973; Kerridge and Morata, 1982; Lawrence et al., 1979) . Therefore, while clones tend to run along the long axis of the leg and cross leg-segment boundaries, they never straddle the circumference of the leg. It may be worth considering the effects of Ubx clones on leg shape in this light. First, Ubx clones had a strong and nonautonomous effect on leg length and a weak and apparently autonomous effect on leg width. One possibility is that leg length is regulated either by cells at the boundaries of leg segments or by a continuous length of epithelium within a segment and that width is regulated by a contiguous circle of cells around the leg. The observed effects on leg length still require some kind of nonautonomous communication between cells throughout the leg. However, a similar mechanism may act on leg width but may have gone undetected because of the inability to eliminate Ubx from a contiguous ring of cells around the leg. 
The role of cell size and number in controlling organ size
Cell number and cell size do not appear to be related in any obvious way to total leg size. These observations are consistent with a growing body of evidence that organ sizes are determined without regard to the precise regulation of cell number or cell size (Garcia-Bellido et al., 1973; James et al., 1995; McCabe, 1997; Morata and Ripoll, 1975; Neufeld et al., 1998; Partridge et al., 1994; Stevenson et al., 1995; Weigmann et al., 1997) . These observations suggest that organ size is not directly determined by mechanisms that control cell number or size, although Ubx clearly does affect cell size and number both in the legs, as shown, and in the haltere (Roch and Akam, 2000) . It is more likely that cell size and number are sufficiently plastic to allow regulation of sizes and numbers to satisfy the true, and unknown, regulator of size.
Evolutionary considerations
Ubx appears to modify leg shape through a variety of mechanisms and influences different parts of a single leg through different growth mechanisms. From an evolutionary perspective, this observation suggests that the control of leg shape and size by Ubx has evolved by the independent co-option of Ubx transcriptional regulation by different mechanisms of growth control in different parts of a single leg. This observation is also consistent with recent studies of the genetic architecture of variation in organ shape, which have invariably found that variation in organ shape is influenced by a large number of loci each of small effect (Liu et al., 1996; True et al., 1997; Weber et al., 1999; Weber, 1990 Weber, , 1992 Zeng et al., 2000) . Patterns of allometry within and between species provide correlative evidence and have led to speculations that developmental mechanisms constrain or limit the patterns of natural variation. However, this study combined with the results of selection experiments (Beldade et al., 2002; Weber, 1990 Weber, , 1992 suggests that the subcomponents of individual organs are regulated by developmental mechanisms that possess at least some independence and are therefore amenable to change by natural selection. The striking patterns of allometry observed in the natural world are therefore more likely to represent the consequence of natural selection for these particular shapes rather than mechanistic limitations on what is possible.
